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Proper chromosome segregation during meiosis re-
quires the assembly of the synaptonemal complex
(SC) between homologous chromosomes. However,
the SC structure itself is indifferent to homology,
and poorly understood mechanisms that depend
on conserved HORMA-domain proteins prevent
ectopic SC assembly. Although HORMA-domain
proteins are thought to regulate SC assembly as
intrinsic components of meiotic chromosomes,
here we uncover a key role for nuclear soluble
HORMA-domain protein HTP-1 in the quality control
of SC assembly. We show that a mutant form of
HTP-1 impaired in chromosome loading provides
functionality of an HTP-1-dependent checkpoint
that delays exit from homology search-competent
stages until all homolog pairs are linked by the SC.
Bypassing of this regulatory mechanism results in
premature meiotic progression and licensing of ho-
mology-independent SC assembly. These findings
identify nuclear soluble HTP-1 as a regulator of early
meiotic progression, suggesting parallels with the
mode of action of Mad2 in the spindle assembly
checkpoint.
INTRODUCTION
The formation of euploid gametes requires pairing of homolo-
gous chromosomes during early meiotic prophase, a process
involving homology search and stabilization of homolog interac-
tions by a proteinaceous structure known as the synaptonemal
complex (SC). However, the SC is intrinsically indifferent to
homology, and when homology recognition fails, the SC can
be assembled between nonhomologous chromosomes (Baudat
et al., 2000; Couteau and Zetka, 2005; Leu et al., 1998; Martinez-DevelopmePerez and Villeneuve, 2005). Although restricting SC assembly to
occur only between correctly aligned homolog pairs is an essen-
tial aspect of meiosis, how improper SC assembly is prevented
remains poorly understood.
The onset of meiotic prophase is marked by dramatic
changes in chromosome structure that include the formation
of an axial element, a proteinaceous structure that runs along
the length of sister chromatids and contains cohesin as well
as meiosis-specific proteins (Blat et al., 2002). Among these, a
family of HORMA-domain proteins homologous to yeast Hop1
have been shown to be major regulators of meiotic chromo-
some function (Carballo et al., 2008; Couteau and Zetka,
2005; Daniel et al., 2011; Goodyer et al., 2008; Hollingsworth
et al., 1990; Martinez-Perez et al., 2008; Martinez-Perez and
Villeneuve, 2005; Sanchez-Moran et al., 2007; Severson et al.,
2009; Shin et al., 2010; Wojtasz et al., 2012; Zetka et al.,
1999) and to participate in a series of surveillance mechanisms
that provide quality control at different transitions of the meiotic
program (MacQueen and Hochwagen, 2011). For example,
yeast Hop1 and mouse HORMAD1 and HORMAD2 are required
for the activity of the pachytene checkpoint, which triggers the
arrest or culling of meiocytes with defects in recombination or
incomplete SC assembly. In Caenorhabditis elegans, HTP-1
participates in earlier checkpoint-like mechanisms that operate
to coordinate SC assembly with homolog recognition and
to regulate the timing of exit from early prophase stages charac-
terized by active homology search (Couteau and Zetka, 2005;
Martinez-Perez and Villeneuve, 2005), but how HTP-1 partici-
pates in these regulatory mechanisms remains unknown.
Furthermore, although meiotic HORMA-domain proteins are
thought to exert their roles as components of axial elements,
the mode of action of the best-characterized HORMA-domain
protein, the spindle assembly Mad2 protein, involves a soluble
pool of Mad2 that interacts with Cdc20 to prevent the onset of
anaphase until all kinetochores are attached to microtubules
(Lara-Gonzalez et al., 2012). Here, we report evidence that
HTP-1 acts as a nuclear soluble factor that regulates early
meiotic progression to prevent the premature licensing of
homology-independent SC assembly.ntal Cell 31, 503–511, November 24, 2014 ª2014 Elsevier Inc. 503
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Quality Control of SC AssemblyRESULTS AND DISCUSSION
HTP-1M127K Limits SCAssemblywithout Loading toAxial
Elements
During C. elegans meiosis, HTP-1 is required to prevent SC
assembly until successful homolog recognition is achieved,
and since HTP-1 is also required to promote homology search,
worms lacking HTP-1 function display extensive nonhomolo-
gous synapsis (Couteau and Zetka, 2005; Martinez-Perez and
Villeneuve, 2005). This failure in regulating SC assembly impairs
the formation of interhomolog crossover events, as evidenced by
the almost complete lack of chiasmata (physical connections
between homologous chromosomes mediated by crossover
events) in the diakinesis oocytes of mutants carrying the htp-1
null allele gk174 (Figure 1A). In contrast, oocytes of worms car-
rying the htp-1(fq8) allele, which we isolated in a genetic screen
(see Experimental Procedures), display a mixture of chromo-
some pairs attached by chiasmata and unattached chromo-
somes, suggesting that htp-1(fq8) retains partial competence
for crossover formation (Figure 1A). The htp-1(fq8) mutation in-
duces a single amino acid substitution (M127K) in the middle
of the HORMA domain of HTP-1, a region that is predicted to
form a beta fold and that aligns with the b5 region of Mad2 (Fig-
ure 1B), a structurally characterized HORMA-domain protein
that plays an essential role in the spindle assembly checkpoint
(Luo et al., 2000).
In order to elucidate the effect of the M127K mutation on
HTP-1 function, we first examined the localization of HTP-
1M127K by creating transgenic worms homozygous for the
htp-1(gk174) allele and for a single-copy transgene insertion
that expressed HTP-1M127K::GFP using the regulatory elements
of the htp-1 gene. Surprisingly, HTP-1M127K::GFP was not de-
tected on the axial elements at any stage of meiotic prophase
in fixed germlines or by live imaging, while wild-type HTP-1::
GFP, which rescued the chiasma defect of htp-1 (gk174) mu-
tants, was clearly loaded to axial elements (Figure 1C and Fig-
ures S1A and S1B available online). However, western blot
analysis of protein extracts made from transgenic worms ex-
pressing HTP-1M127K::GFP confirmed the presence of the
HTP-1M127K protein, albeit in lower amounts than those
observed for wild-type HTP-1::GFP (Figure 1D). We also de-
tected HTP-1M127K expressed from the endogenous htp-1 locus
carrying the fq8mutation by using antibodies that react with both
HTP-1 and its paralog HTP-2, which shares 82% amino acid
identity with HTP-1 (but cannot functionally substitute HTP-1)
(Martinez-Perez et al., 2008), in protein extracts from htp-1(fq8)
htp-2 double mutants (Figure 1E). Moreover, using anti-HTP-
1/2 antibodies, we detected axis-associated HTP-2 in germlines
of htp-1(gk174)mutants, but we failed to detect any axis-associ-
ated signal in htp-1(fq8) htp-2 double mutants (Figure S1C),
despite the fact that similar amounts of HTP-2 and HTP-1M127K
are present in these mutants (Figure 1E). Further evidence that
HTP-1M127K fails to associate with axial elements came from
quantifying polar body extrusion during the meiotic divisions in
oocytes, a process that requires HTP-1 or HTP-2 bound to axial
elements, where they protect a subset of cohesin complexes
from removal during the first meiotic division (Martinez-Perez
et al., 2008; Severson et al., 2009). While wild-type, htp-
1(gk174), and htp-1(fq8) embryos extrude two polar bodies,504 Developmental Cell 31, 503–511, November 24, 2014 ª2014 Elshtp-1(fq8) htp-2 and htp-1(gk174) htp-2 double mutants extrude
a single polar body, demonstrating a failure in preventing prema-
ture removal of cohesin from axial elements (Figures S1D and
S1E). These experiments show that although HTP-1M127K fails
to load to axial elements, the protein is present in meiotic nuclei
and retains some competence in promoting chiasma formation.
Next, we investigated whether HTP-1M127K retained function-
ality in regulating SC assembly by monitoring loading of HIM-3, a
HORMA-domain protein that loads to axial elements (Zetka
et al., 1999), and of SYP-1, a central region component of the
SC (MacQueen et al., 2002). Wild-type controls and htp-1 null
mutants demonstrated extensive SC formation in early meiotic
prophase nuclei, a region of the germline known as the transition
zone and corresponding to the leptotene and zygotene stages of
meiotic prophase (Figure 1F). Although HIM-3 was loaded nor-
mally in transition zone nuclei of htp-1(fq8) mutants, few long
tracks of SYP-1 were detected in transition zone and early
pachytene regions of htp-1(fq8) mutant germlines, and large
chromosomal regions remained unsynapsed (Figure 1F). How-
ever, high levels of synapsis were observed in late pachytene
nuclei of htp-1(fq8) mutants (Figure S1F), suggesting that SC
assembly may be actively prevented during early prophase.
Transgenic worms expressing HTP-1M127K tagged with GFP or
6 histidine tag also displayed delayed SC assembly (Figure 1F),
confirming that HTP-1M127K is capable of restricting SC assem-
bly during early prophase, despite its failure to associate with
axial elements.
HTP-1M127K Is a Nuclear Soluble Protein, and Wild-Type
Nuclei Contain a Large Pool of HTP-1 that Is Not
Associated with Chromatin
The observations described above suggest that the regulatory
mechanisms that control SC assembly during early meiotic pro-
phase may involve a nuclear soluble pool of HTP-1. This possi-
bility is also conceptually attractive considering that the mode
of action of Mad2 in the spindle assembly checkpoint involves
a large pool of soluble Mad2, which acts to amplify a signal
initiated at unattached kinetochores and leads to the formation
of a soluble mitotic checkpoint complex containing Mad2 that
prevents activation of the anaphase-promoting complex (Lara-
Gonzalez et al., 2012). Therefore, we sought to clarify whether
a pool of nuclear soluble HTP-1 is present in wild-type worms
and to confirm whether HTP-1M127K is not found associated
with chromatin. To this end, we first prepared Triton-soluble
and -insoluble protein fractions from whole-worm extracts and
analyzed the distribution of HTP-1 by western blot using as
controls anti-histone H3 antibodies (DNA-bound fraction) and
antibodies against HAL-2, a nuclear protein that is present
throughout meiotic prophase and that is not thought to bind to
DNA (Zhang et al., 2012). This demonstrated that 67.2% of
HTP-1 in wild-type nuclei is present in the soluble fraction and
confirmed that HTP-1M127K is only found in the soluble fraction
(Figures 2A and S2A and S2B). This analysis also revealed that
the M127K mutation reduces the levels of soluble HTP-1 to
20.5% of wild-type levels (n = 3, SD = 0.96). Using a different
fractionation method, which involves the isolation of intact nuclei
from whole worms (Haenni et al., 2012), we also observed that
68.9% of HTP-1::GFP is present in the nuclear soluble protein
fraction (Figures S2B and S2C). Interestingly, protein extractsevier Inc.
Figure 1. HTP-1M127K Is Not Detected at Axial Elements but Regulates SC Assembly
(A) Chiasmata are formed between all homolog pairs in wild-type (WT) diakinesis oocytes, but not in htp-1(gk174). Arrowheads in htp-1(fq8) point to two pairs of
chromosomes linked by chiasmata. Differences between htp-1(gk174) and htp-1(fq8) are statistically significant by a two-tailed Mann-Whitney test (p < 0.05).
(B) Predicted structure of HTP-1 (Phyre2 protein folding prediction) compared to human Mad2 (sequence alignment shows region around HTP-1 M127).
(C) Projections of pachytene nuclei demonstrating that HTP-1::GFP, but not HTP-1M127K::GFP, is loaded to axial elements.
(D) Western blot of whole-worm protein extracts showing the presence, at decreased levels, of HTP-1M127K::GFP.
(E) Western blot of whole-worm protein extracts probed with anti-HTP-1/2 antibodies. Comparison between htp-2 and htp-1(fq8) htp-2 lanes demonstrates a
band corresponding to HTP-1M127K in htp-1(fq8) htp-2. htp-1 htp-2 double mutants were used as a negative control, and asterisk indicates a nonspecific band
detected by the HTP-1/2 antibodies.
(F) Early prophase nuclei of htp-1(fq8) mutants display reduced SC assembly (see SYP-1 panels) compared to WT and htp-1(gk174). Scale bars, 5 mm.
See also Figure S1.
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Quality Control of SC Assemblyfrom mouse testes also show that a large amount of HORMAD1
andHORMAD2 accumulates in a Triton-soluble fraction (Wojtasz
et al., 2012). Thus, similar to Mad2 in the spindle assembly
checkpoint, nuclear soluble pools of meiotic HORMA-domain
proteins may be important components of the surveillance
mechanisms that provide quality control during meiotic
prophase.DevelopmeHTP-1 Loading to Axial Elements Requires a Direct
Interaction with HTP-3
Loading of HTP-1 to axial elements depends on the cohesin
complex and on HORMA-domain protein HTP-3, but not on
the two other meiotic HORMA-domain proteins HTP-2 and
HIM-3 (Goodyer et al., 2008; Lightfoot et al., 2011; Martinez-
Perez et al., 2008; Severson et al., 2009). In addition,ntal Cell 31, 503–511, November 24, 2014 ª2014 Elsevier Inc. 505
Figure 2. HTP-1M127K Is a Soluble Protein
that Shows Impaired Interaction with HTP-3
(A) Western blots of Triton-soluble and -insoluble
(DNA-bound) protein fractions showing that HTP-
1M127K is only found in the soluble fraction (htp-
1(fq8)htp-2 lanes) and that a largepool ofWTHTP-1
accumulates in the soluble fraction (htp-2 lanes).
Extracts from htp-1(fq8) htp-2 mutants were pre-
pared from230worms,whilehtp-2extracts contain
115 worms. HAL-2 was used as a control for the
soluble fraction, and asterisks indicate a nonspe-
cific band recognized by HTP-1/2 antibodies.
(B) Number of peptides of the indicated proteins
identified by mass spectrometry following the
immunoprecipitation of HTP-1::GFP. The poste-
rior error probability for protein identification was
HTP-1 (7.6 3 1090), HTP-2 (1.7 3 10116), HTP-3
(2.1 3 10122), and HIM-3 (8.2 3 10269).
(C) Immunoprecipitation (IP) of HTP-1::FLAG or
HTP-1M127K::FLAG from Escherichia coli that also
expressed HTP-3::HA. The amount of HTP-3::HA
that is coimmunoprecipitated with HTP-1M127K is
reduced compared to WT HTP-1. Immunopre-
cipitation using anti-maltose binding protein
(MBP) antibodies was used as a negative control.
(D) Projections of transition zone nuclei demon-
strating normal loading of HTP-3 in htp-1(fq8)
mutants. Scale bar, 5 mm.
See also Figure S2.
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Quality Control of SC Assemblyimmunoprecipitation of the axis-associated protein LAB-1 iden-
tified the four C. elegans HORMA-domain proteins (HTP-1,
HTP-2, HTP-3, and HIM-3) as LAB-1 interactors (Tzur et al.,
2012). These observations suggest that loading of HTP-1 to axial
elements may involve a direct interaction with HTP-3, and since
we failed to detect loading of HTP-1M127K to axial elements, we
decided to investigate whether the M127K mutation impairs
HTP-1 loading by affecting a putative interaction with HTP-3.
First, we sought to clarify whether HTP-1 and HTP-3 form a com-
plex in vivo by immunoprecipitating HTP-1 from nuclear soluble
and DNA-bound protein extracts made from worms expressing
HTP-1::GFP. Mass spectrometry analysis of these immunopre-
cipitation experiments identified a large number of peptides
from HTP-1, HIM-3, HTP-2, and HTP-3, confirming that the
four HORMA-domain proteins form a complex in vivo (Figure 2B).
To clarify whether there is a direct physical interaction between
HTP-1 and HTP-3, we coexpressed HTP-1::FLAG and HTP-3::
hemagglutinin (HA) in bacteria. Immunoprecipitation of HTP-1
followed by western blot analysis demonstrated a clear interac-
tion between HTP-1 and HTP-3 (Figure 2C). However, when we
coexpressed HTP-1M127K and HTP-3, the amount of HTP-3 that
was coimmnoprecipitated with HTP-1M127K was clearly reduced,
demonstrating that the M127K mutation impairs the interaction
between HTP-1 andHTP-3 (Figure 2C). Although this experiment
provides an explanation for the failure of HTP-1M127K in associ-
ating with axial elements, an alternative possibility is that loading
of HTP-3 itself may be affected in htp-1(fq8) mutants. However,
staining of htp-1(fq8) mutants with anti-HTP-3 antibodies
demonstrated normal loading of HTP-3, ruling out this possibility
(Figure 2D). Thus, a direct physical interaction connects HTP-1
with HTP-3, and impairment of this interaction by the M127K
mutation results in a defect in HTP-1 loading.506 Developmental Cell 31, 503–511, November 24, 2014 ª2014 ElsHTP-1M127K Is Competent in Promoting Chromosome
Movement and Nuclear Reorganization at the Onset of
Meiotic Prophase
Since HTP-1 is required for the initial establishment of homolog
pairing that precedes SC assembly (Couteau and Zetka, 2005;
Martinez-Perez and Villeneuve, 2005), we investigated whether
HTP-1M127K was also capable of promoting homology search
at early prophase. The onset of homolog pairing coincides with
a clustering of chromosomes inside the nucleus and with
motor-driven movement of chromosomal ends attached to
SUN-1 aggregates on the nuclear envelope, which facilitate
homolog encounters and promote faithful SC assembly (Mac-
Queen and Villeneuve, 2001; Penkner et al., 2009; Sato et al.,
2009). HTP-1 plays a role in these two processes, since htp-1
null mutant germlines display reduced numbers of nuclei with
clustered chromosomes as well as reduced chromosome
mobility (Baudrimont et al., 2010; Couteau and Zetka, 2005;Mar-
tinez-Perez and Villeneuve, 2005). In contrast to htp-1 null mu-
tants, htp-1(fq8) germlines contain large numbers of nuclei with
clustered chromosomes in the transition zone of the germline
(Figure 1F). Moreover, analysis of SUN-1::GFP aggregate dy-
namics, which can be used as a proxy for chromosome-end
movement on the nuclear envelope (Baudrimont et al., 2010),
demonstrated vigorous movement in htp-1(fq8) mutants (Fig-
ure 3A; Movies S1, S2, and S3). The average displacement
arc, which provides a measure of the area explored by SUN-1
aggregates on the nuclear envelope, was 78 in wild-type con-
trols, 68 in htp-1(fq8)mutants, and 55 in htp-1(gk174)mutants,
while the percentage of SUN-1::GFP aggregates moving at high
speeds (140 nm/s or higher) was 15.3% in wild-type controls,
12.1% in htp-1(fq8)mutants, and 7.5% in htp-1(gk174)mutants.
Thus, HTP-1M127K supports near normal levels of chromosomeevier Inc.
Figure 3. HTP-1M127K Induces Chromosome Movements and Promotes Homolog Interactions
(A) SUN-1::GFP aggregate movement in transition zone nuclei. Left-hand side column: displacement tracks of SUN-1::GFP aggregates in a single nucleus over
15 min. Middle column: each arc represents the distance traveled by a SUN- 1::GFP aggregate inside a nucleus, with larger angles indicating larger distance
traveled. Right-hand side column: speeds of SUN-1 aggregates; each line represents the distribution of projected speeds for all SUN-1::GFP aggregates inside a
nucleus over 15 min. Note that displacement tracks, traveled distance, and speed distribution of htp-1(fq8) mutants are similar to WT controls.
(B) Analysis of homolog pairing using FISH probes for regions in chromosome (Chr) III and Chr V (left-hand side panels) and anti-HIM-8 antibodies (X Chr PC
region). Quantification demonstrates higher levels of pairing in htp-1(fq8) than in htp-1(gk174). Germline regions correspond to premeiotic nuclei (1), premeiotic
nuclei and transition zone nuclei (2), and early-to-late pachytene (3–6). Differences between htp-1(fq8) and syp-2 in zone 6 are statistically significant (p < 0.005) by
a two-tailed Fisher’s exact test. Scale bar, 5 mm.
See also Movies S1, S2, and S3.
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Quality Control of SC Assemblymobility during early prophase, demonstrating that the role of
HTP-1 in this process is not simply contributing to the structural
integrity of axial elements, but rather a regulatory role by which
HTP-1 must be capable of affecting factors required to promote,
or sustain, chromosome movement.
htp-1(fq8) mutants appear largely competent in the events
associated with homology search, but display reduced levels
of SC assembly during early prophase. This suggests that
HTP-1M127K may be deficient in licensing SC assembly (even
when homology search is satisfied), a role that we previously
proposed for HTP-1 (Martinez-Perez and Villeneuve, 2005).
Analysis of mutants lacking SC central region components dem-
onstrates that while the establishment of pairing is SC indepen-
dent, the SC is required to maintain high levels of pairing
throughout meiotic prophase (MacQueen et al., 2002), especially
in regions away from the chromosomal end bearing the pairing
center (PC), which promotes pairing locally in a synapsis-inde-
pendent manner and is also required to promote SC assembly
(Rog and Dernburg, 2013). We investigated the progression of
pairing, and its dependency on SC assembly in htp-1(fq8) mu-
tants using fluorescence in situ hybridization (FISH). Pairing
levels in htp-1(fq8) mutants never reached the values observed
in wild-type controls, but were consistently higher than those
observed in htp-1 null mutants, and appeared very similar to
those seen in SC-deficient syp-2mutants during early prophase
(Figure 3B). However, by late pachytene pairing was higher in
htp-1(fq8) mutants than in syp-2 mutants (Figure 3B), hinting
that the limited SC assembly of htp-1(fq8) mutants may
contribute to stabilize pairing. This prompted us to quantify
pairing in htp-1(fq8) syp-2 double mutants. Mid- and late
pachytene nuclei of htp-1(fq8) syp-2 double mutants displayed
a significant drop in the pairing levels of non-PC regions
compared to htp-1(fq8)mutants (Figure 3B). Furthermore, PC re-
gions of chromosome III and the X chromosome also showed a
dramatic drop in pairing in late pachytene nuclei of htp-1(fq8)
syp-2 double mutants. Therefore, the limited synapsis observed
in htp-1(fq8) mutants contributes to stabilize homolog pairing
during pachytene, while the high levels of SC assembly seen in
htp-1 null mutants induce extensive nonhomologous synapsis
(Couteau and Zetka, 2005; Martinez-Perez and Villeneuve,
2005).
HTP-1M127K Is Competent in Inducing Delayed Exit from
EarlyMeiotic Prophase in Response to Synapsis Defects
Defects in SC assembly induce persistence of chromosome
clustering and of dynamic SUN-1 aggregates into the pachytene
region of the germline (Baudrimont et al., 2010; MacQueen et al.,
2002; Phillips and Dernburg, 2006; Phillips et al., 2005), suggest-
ing the existence of a synapsis surveillance mechanism that trig-
gers a delay in early meiotic progression in response to synapsis
defects (Martinez-Perez and Villeneuve, 2005; Smolikov et al.,
2007; Woglar et al., 2013; Zhang et al., 2012). HTP-1 plays an
active role in mediating this delay, since removal of HTP-1
from SC-deficient mutants triggers rapid exit from chromosome
clustering (Martinez-Perez and Villeneuve, 2005). However, DAPI
staining demonstrated that chromosome clustering persisted in
germlines of htp-1(fq8)mutants (Figures 1F and 4A), suggesting
that HTP-1M127K retains competence in delaying meiotic pro-
gression in response to the presence of unsynapsed regions in508 Developmental Cell 31, 503–511, November 24, 2014 ª2014 Elsearly prophase nuclei. In order to test this possibility, we investi-
gated meiotic progression in htp-1(fq8) mutants using the
presence of Polo-like kinase 2 (PLK-2), which is recruited to
PC regions at meiotic onset to induce the formation of SUN-1
aggregates and robust chromosome movement (Harper et al.,
2011; Labella et al., 2011; Woglar et al., 2013), as a molecular
marker of active homology search. In wild-type germlines,
40% of prophase nuclei displayed PLK-2 aggregates on the
nuclear envelope, while in htp-1(fq8) mutants this number
increased to 65%, demonstrating a delay in meiotic progression
(Figures 4A and 4B). In contrast, only 11% of prophase nuclei in
htp-1(gk174) displayed PLK-2 aggregates, demonstrating pre-
mature exit from early prophase. Furthermore, while removing
HTP-1 from syp-2 mutants suppressed the accumulation of
nuclei with multiple PLK-2 aggregates seen in syp-2 mutants,
htp-1(fq8) syp-2 double mutants showed extensive accumula-
tion of nuclei with PLK-2 aggregates (Figure 4B). Thus, HTP-
1M127K is capable of triggering delayed meiotic progression
when synapsis defects are present, suggesting that the signaling
mechanism that regulates early meiotic progression involves a
nuclear soluble pool of HTP-1.
We reasoned that if htp-1(fq8) mutants display a delay in
meiotic progression, early meiotic events such as the formation
of double-strand breaks (DSBs) should be affected. In fact, htp-1
null mutants display a severe reduction in the number of recom-
bination intermediates labeled by the RAD-51 recombinase
(Couteau and Zetka, 2005; Martinez-Perez and Villeneuve,
2005), an observation that could be explained, at least in part,
considering that premature exit from early prophase in htp-1mu-
tants reduces the time that nuclei spend in a stage competent for
DSB formation. In agreement with this interpretation, htp-1(fq8)
mutants display a substantial increase in the number of RAD-
51 foci compared to htp-1(gk174) mutants (Figure S3). Further-
more, htp-1(fq8) germlines also show a dramatic increase in
the number of nuclei positive for DSB-2, a protein required for
DSB formation and the presence of which can be used as an
indicator of competence for DSB formation (Rosu et al., 2013)
(Figures S4A and S4B). These observations confirm the
presence of an early prophase arrest in htp-1(fq8) mutants,
demonstrating that HTP-1M127K is capable of regulating meiotic
progression.
HIM-8, a Protein that Binds the X Chromosome PC, Is
Required for the Prophase Arrest of htp-1(fq8) Mutants
The best evidence for HTP-1 playing part in a quality-surveillance
mechanism that responds to synapsis defects by delaying early
meiotic progression is that removal of HTP-1 bypasses the arrest
of syp-2mutants, in which SC assembly is abolished. We inves-
tigated whether HTP-1 is also required for the persistent
chromosome clustering seen when the X chromosomes fail to
synapse due to impaired function of HIM-8, a PC-binding protein
that is specifically required to promote SC assembly between
the X chromosomes (Phillips et al., 2005). Removal of HTP-1
from him-8 mutants suppressed the accumulation of nuclei
with PLK-2 aggregates, confirming that HTP-1 also mediates
meiotic delay when a single chromosome pair fails to synapse
(Figure 4B). Next, we asked whether HTP-1M127K could also
mediate delayed meiotic progression in him-8 mutants, as it
did in syp-2 mutants. Surprisingly, although PLK-2 aggregatesevier Inc.
Figure 4. HTP-1M127K Regulates Meiotic Progression by a Pathway that Requires HIM-8
(A) PLK-2 aggregates persist in mid-pachytene nuclei of htp-1(fq8) mutants.
(B) Quantification of the percentage of nuclei in leptotene-zygotene, as indicated by the presence of more than one PLK-2 aggregate. Note the accumulation of
PLK-2-positive nuclei in htp-1(fq8) and htp-1(fq8) syp-2 mutants, but not in htp-1(fq8) him-8.
(C) Early pachytene nuclei of htp-1(fq8) him-8 double mutants display increased SC assembly compared to htp-1(fq8) single mutants.
(D) htp-1(fq8) him-8 double mutants display a significant (p < 0.005 by a two-tailed Fisher’s exact test) reduction in the levels of pairing compared to htp-1(fq8).
See also Figures S3 and S4.
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Quality Control of SC Assemblywere formed in transition zone nuclei of htp-1(fq8) him-8 double
mutants, they were lost by early pachytene (Figures 4B and
S4C). Thus, although wild-type HTP-1 can support prophase
arrest independently of HIM-8, the delayed meiotic progression
of htp-1(fq8) mutants is HIM-8 dependent.
Having found that impairing HIM-8 function bypasses the
delayed meiotic progression seen in htp-1(fq8) mutants, we
asked whether the ability of HTP-1M127K to prevent improper
SC assembly was coupled to delayed meiotic progression. In
contrast with the reduced synapsis seen in early pachytene
of htp-1(fq8) mutants, extensive SC assembly was observed
in the same region of htp-1(fq8) him-8 germlines (Figure 4C).
Furthermore, htp-1(fq8) him-8 double mutants displayed a
significant drop in the levels of homolog pairing compared to
htp-1(fq8) single mutants (Figure 4D). This, together with the
high levels of SC assembly seen in htp-1(fq8) him-8 double mu-
tants, suggests that extensive nonhomologous synapsis occurs
in thesemutants. These observations demonstrate that the delay
in meiotic progression seen in htp-1(fq8) mutants contributes to
promote homolog pairing and to prevent improper SC assembly,
suggesting that the ability to couple SC assembly to homology
recognition is lost upon exit from zygotene and that entrance
into pachytene licenses homology-independent SC assembly.
Recent findings in mice are consistent with the active inhibition
of nonhomologous synapsis during early prophase (Kauppi
et al., 2013). Thus, coupling of homology-regulated SC assembly
to meiotic progression may be a general feature of the meiotic
program, and HORMA-domain proteins are key regulators of
this coupling mechanism.
Conclusions
Our findings suggest that soluble HTP-1 is a component of the
early prophase checkpoint that regulates exit from homology
search-competent stages until interactions between all homolog
pairs are stabilized by loading of the SC. In this context, HTP-1
appears to transmit a ‘‘wait signal’’ that prevents removal of
PLK-2 fromPCs, therebymaintaining homology search. Interest-
ingly, the ability of HTP-1M127K to provide checkpoint function
depends on the X chromosome PC-binding protein HIM-8, sug-
gesting that the signal transmitted by HTP-1M127K must emanate
from, or being integrated at X chromosome PCs. This model
bears striking parallels with the mode of action of HORMA-
domain protein Mad2 in the spindle assembly checkpoint, in
which signals emanating from unattached kinetochores are
transmitted and amplified by nuclear soluble Mad2 to prevent
the onset of anaphase until all kinetochores are bound by micro-
tubules. Future studies should address how signals emanating
from individual chromosomes at the time of SC assembly are
transmitted and integrated to regulate the transition between
zygotene and pachytene.
EXPERIMENTAL PROCEDURES
Isolation of htp-1(fq8) Mutants
Ethyl methanesulfonate (EMS) mutagenesis was performed by incubating
larval stage 4 animals in M9 buffer containing 0.5% EMS for 4 hr as described
in Martinez-Perez and Villeneuve (2005). fq8mutants were isolated due to the
presence of univalents in diakinesis oocytes. SNPmapping and sequencing of
the htp-1 locus in fq8 mutants confirmed the presence of a single base-pair
substitution (T to A) in the third exon that resulted in a M127K substitution.510 Developmental Cell 31, 503–511, November 24, 2014 ª2014 ElsPreparation of Protein Extracts and Western Blotting
Whole-worm extracts were prepared by resuspending 70 young adult her-
maphrodites in 13 Laemmli buffer. Protein fractionation for HTP-1::GFP
immunoprecipitation experiments was performed from large C. elegans cul-
tures, and 100–300 worms were used to produce Triton-soluble and -insoluble
protein fractions. Protein extracts were run in 10%acrylamide gels, transferred
onto nitrocellulose membranes, and incubated with the corresponding anti-
bodies. Full details of these methods can be found in Supplemental Experi-
mental Procedures.
Immunostaining and FISH
Germlines from young adult hermaphrodites were dissected, fixed, and pro-
cessed as described in Martinez-Perez and Villeneuve (2005). All images
were acquired using a DeltaVision deconvolution system equipped with an
Olympus 1X70 microscope. Details of these methods, including primary and
secondary antibodies used, can be found in Supplemental Experimental
Procedures.
C. elegans Genetics, Plotting of SUN-1 Aggregate Movement,
Immunoprecipitation, Mass Spectrometry, and Protein Expression
Methods
Please see Supplemental Experimental Procedures for detailed descriptions.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.10.001.
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